Activation of molecular nitrogen by transition metal complexes is an area of current interest as investigations using the inert N 2 molecule to produce higher-value organonitrogen compounds intensify. In an attempt to extend the addition of hydride reagents E-H (where E ‫؍‬ BR 2, AlR2, and SiR3) to the dinitrogen complex 
dinitrogen coordination ͉ nitrogen fixation ͉ nitrogen-nitrogen bond cleavage I t has been just slightly more than 40 years since the first metal complex with molecular nitrogen coordinated as a ligand was reported. The isolation of [Ru(NH 3 ) 5 N 2 ] 2ϩ by Allen and Senoff in 1965 (1) is considered to be a milestone in inorganic coordination chemistry because it changed the way people thought about this simple, abundant, yet intrinsically inert diatomic molecule. That it could coordinate to a metal complex was considered to be the key first step in the eventual discovery of homogeneous catalysts that might use N 2 as a feedstock to produce higher-value organonitrogen products (2) . Unfortunately, this problem is still unsolved. While much has been learned about how to synthesize dinitrogen complexes (hundreds are now known) (3) (4) (5) (6) (7) and how N 2 binds to one or more metal complexes (7) (8) (9) , there are only a few reports of homogeneous systems that involve turnover of molecular nitrogen, and these systems are not efficient or broadly applicable (10, 11) .
Part of the problem is that the reactivity patterns for coordinated N 2 are rather meager (4, 9, 12, 13) . By far the most well studied reaction for dinitrogen complexes is protonation (14) , in an effort to try to model the nitrogenase enzymes (15) (16) (17) (18) , which convert N 2 to ammonia (NH 3 ) catalytically. Surprisingly, what has been discovered is that the observed products, which can include NH 3 , hydrazine (H 2 NNH 2 ), or even liberated dinitrogen, depend on a number of factors: the choice of the central metal, the choice of the ancillary ligands, and the choice of the acid (3, 11, 14, 19 ). Another extremely common, but unproductive, reactivity pattern for coordinated N 2 is displacement by other donors or reactants, which is particularly prevalent for late metal dinitrogen complexes.
Recently, there have been a small number of new reactions discovered for coordinated N 2 that potentially could be used in catalytic cycles. Stoichiometric cleavage of the strong N-N bond has been observed for groups 5 and 6 metal complexes (20) (21) (22) (23) (24) (25) , certain dinuclear zirconium dinitrogen complexes have been found to react with H 2 to generate N-H bonds (26) (27) (28) , and terminal alkynes have been found to react with coordinated N 2 in a side-on bound dizirconium complex to generate a N-C bond (29) . These processes have expanded the toolbox of fundamental reactions for coordinated dinitrogen.
In 1998, we (30) reported a ditantalum dinitrogen derivative that has the N 2 unit bound in the unusual side-on end-on mode;
where NPN ϭ (PhNSiMe 2 CH 2 ) 2 PPh] is remarkable not only for the way N 2 binds but also because of its facile formation by exposure of N 2 to a dinuclear tetrahydride complex avoiding the use of strong reducing agents (31). More importantly, this dinitrogen complex has been shown to exhibit a wide range of reactivity patterns that include reaction with electrophiles, adduct formation with Lewis acids, and displacement of N 2 by terminal alkynes (31-33).
A particularly intriguing series of reactions is the addition of simple hydride reagents E-H (E ϭ BR 2 ; AlBu 2 i ; SiH 2 Bu) to the dinitrogen complex 1 (34-37); these reactions, which result in functionalization of coordinated N 2 , are summarized in Fig. 1 . Common to all of these hydride addition processes is N-N bond cleavage. This cleavage is initiated by E-H addition across the exposed end of the coordinated dinitrogen to form in some cases an isolable intermediate (A); the next step involves elimination of H 2 , followed by N-N bond cleavage and subsequent rearrangement. This last step is very dependent on the hydride source; for example, hydroboration leads to ancillary ligand degradation (35) , and hydroalumination leads to ancillary ligand migration (36) , both of which hamper the overall usefulness of these stoichiometric transformations. In the hydrosilylation study, clean conversion to the bis(silylimide) was observed for the addition of butylsilane BuSiH 3 (37) .
In this article, we report our attempt to extend this kind of E-H addition͞functionalization to the hydrozirconation of the side-on end-on dinitrogen complex 1 by reaction with chloro-
What results is an unexpected reaction that involves N-N bond cleavage without zirconium-hydride addition or H 2 elimination from the dinitrogen complex 1.
Results and Discussion
Zirconocene chlorohydride or Schwartz's reagent, [Cp 2 Zr(Cl)H] x , is known (38) to add across alkenes, alkynes, ketones, aldehydes, and nitriles. Anticipating that it would add in a similar fashion to that described in Fig. 1 , its reactivity with 1 was examined. Stirring a brown tetrahydrofuran (THF) solution of 1 with 1 equiv of sparingly soluble [Cp 2 Zr(Cl)H] x for 2 weeks generates an intense purple solution from which purple crystals of 2 were isolated in 35% yield. The 1 H NMR spectrum reveals a C s symmetric species in solution with four inequivalent silyl methyl resonances, one single Cp resonance at ␦ 5.38, and bridging hydrides at ␦ 11.4. Surprisingly no terminal tantalum hydride resonances were observed, indicating that hydrozirconation to form a species analogous to A in Fig. 1 had not occurred. The 31 P NMR spectrum displays two singlets at ␦ 7.3 and ␦ 46.7 with the downfield resonance split into a doublet ( 1 J PN ϭ 34.9 Hz) when 15 N-labeled 1 is used. This coupling was also observed in the 15 N{ 1 H} NMR spectroscopy with the resonance at ␦ Ϫ185.1 split into a doublet. Another 15 N resonance was observed at ␦ 228.4; however, these two resonances are not mutually coupled, implying N-N bond cleavage has occurred.
Single crystals of 2 were grown from benzene and subjected to x-ray analysis. The solid-state molecular structure is shown in Fig. 2 . What is clearly evident is that N-N bond cleavage has occurred and the zirconocene fragment has been inserted between the two nitrogen atoms. In addition, evident in the solid-state structure is the formation of a phosphinimide, presumably by the intramolecular attack of one of the ancillary phosphine donors at an intermediate nitride species. Such a process has been reported earlier in the formation of dinuclear titanium phosphinimides (39) by reduction of a titanium precursor under N 2 and in the thermolysis of a preformed niobium dinitrogen complex (40) . These intramolecular processes have analogy to the intermolecular attack of phosphines on metal nitrides (41) (42) (43) .
Although no bridging hydrides were found in the difference map, they were successfully modeled with XHYDEX (44) and confirmed by the 1 H NMR data. The Ta(1)-Ta(2) distance is 2.7007(6) Å similar to other Ta(IV)-Ta(IV) species (45); the PAN bond distance of 1.595(9) Å in this unit is typical of other groups 4 and 5 phosphinimide complexes (46, 47) . The zirconium nitride moiety is somewhat uncommon in the literature; however, comparison of Zr1-N2 at 2.040(9) Å shows it to be shorter that other bridging zirconium nitrides that range from 2.21 to 2.35 Å (48-50). There is also some resemblance to other Ta-nitride complexes in the literature (51) . Other selected bond distances are given in Fig. 2 .
What is clearly missing in the product is the chloro substituent from the initially added [Cp 2 Zr(Cl)H] x reagent; also not obvious is the fate of the zirconium hydride. To further probe this, we examined the chloride-free zirconocene dihydride reagent, [Cp 2 ZrH 2 ] 2 , with the side-on end-on dinitrogen complex 1. In this case, the reaction to form 2 proceeded in much higher yield (76% by 31 P NMR spectroscopy) and an observed by-product was H 2 (peak at ␦ ϭ 4.47 in 1 H NMR spectrum in C 6 D 6 ), although this was not quantified. To confirm the origin of the liberated H 2 , the reaction of the deuterated dinitrogen complex,
, with the zirconocene dihydride reagent, [Cp 2 ZrH 2 ] 2 , led to the observation of free H 2 (no HD) and loss of the bridging tantalum-hydride signal at ␦ ϭ 11.4 as evidenced by 1 H NMR spectroscopy.
To rationalize the mechanism with the information obtained so far, a likely scenario is the initial reaction of [Cp 2 Zr(Cl)H] x with the starting dinitrogen complex 1 by chloride for hydride exchange, which then generates [Cp 2 ZrH 2 ] 2 along with some as-yet-unknown tantalum chloride species. This would account for the low yield of the final product when the zirconocene chlorohydride reagent is used (Fig. 3) . To test this further, we added Cp 2 ZrCl 2 to the starting dinitrogen complex 1 and observed the formation of final product 2 (Ϸ20% by NMR spectroscopy). The much lower yield here is consistent with the double chloride for hydride exchange that must occur to generate the zirconocene dihydride from zirconocene dichloride and 1.
As detailed above, the observation of free H 2 in the formation of 2 from the reaction of 1 with [Cp 2 ZrH 2 ] 2 suggests that this zirconocene dihydride reagent is simply a source of the Zr(II) species, Cp 2 Zr. To test this, the Zr(II) precursor, Cp 2 Zr(py)(Me 3 SiC'CSiMe 3 ) (52), was allowed to react with 1. In this case the formation of 2 is nearly quantitative, strongly suggestive that the hydrides of [Cp 2 ZrH 2 ] 2 reductively eliminate early in the reaction to form 2. This kind of H 2 elimination from Zr(IV) is rare to our knowledge (53, 54) .
As an extension, we also examined the reaction of 1 with the related titanocene derivative, Cp 2 Ti(Me 3 SiC'CSiMe 3 ), a known Ti(II) source (55) . This reaction proceeds smoothly to generate the analogous complex 3, which was characterized by NMR spectroscopy and elemental analysis. Although no x-ray structure was obtained, the spectroscopic data match 2 quite closely; for example, the 31 P NMR data show two singlets at ␦ ϭ 8.6 and ␦ ϭ 46.4, with the latter downfield resonance assigned to the phosphinimide donor; this was confirmed by reaction with 15 A possible mechanism for this process is shown in Fig. 4 . After H 2 elimination, the Lewis acid-base adduct B forms (32) , which can subsequently provide two electrons to cleave the N-N bond to form C, in which the central metal of the metallocene has a M(IV) formal oxidation sate. Intramolecular attack of the phosphine unit on the bridging nitride, the TaAN-MCp 2 unit of C, generates the final product 2 (39).
Conclusions
Our attempts to extend the E-H addition to the side-on end-on dinitrogen complex 1 by reaction with [Cp 2 Zr(Cl)H] x resulted in an unexpected transformation. Although N-N bond cleavage and functionalization at nitrogen both occur, the process by which these happen is fundamentally different from that observed for main-group element hydrides such as boranes, silanes, and alanes (Fig. 1) . Instead of zirconocene hydride addition across the Ta 2 N 2 unit of 1, coordination of Cp 2 Zr to the side-on end-on bound dinitrogen unit is proposed, followed by a two-electron inner-sphere reduction, whereby the zirconocene fragment inserts into the N-N bond of 1. The transient species featuring bridging nitrides undergoes intramolecular attack by the phosphine donor to generate the phosphinimide unit along with a bridging trimetallic nitride moiety. Exactly how the zirconocene fragment Cp 2 Zr forms from [Cp 2 Zr(Cl)H] x or [Cp 2 ZrH 2 ] 2 is unknown; however, labeling studies indicate that elimination of dihydrogen occurs either after hydride for halide exchange in the Fig. 2 . ORTEP drawing of the solid-state molecular structure of 2 (spheroids at 50% probability; hydrogen and phenyl ring carbon atoms other than ipso omitted for clarity); the hydride ligands were modeled by using XHYDEX. Selected bond distances (Å) and angles (°), respectively, are: Ta1-Ta2, 2.7007, 6; N1⅐ ⅐ ⅐ N2, 2.925, 9; P1-N1, 1.595, 9; N1-Ta1, 2.102, 9; Ta1-N2, 2.139, 8; Ta2-N2, 1.935, 9; N1-Zr1, 2.146, 9; N2-Zr1, 2.040, 9; Ta1-N3, 2.054, 9; Ta1-N4, 2.102, 9; Ta2-N5, 2.112, 10; Ta2-N6, 2.119, 9; Ta2-P2, 2.624, 3; Ta1-Zr1, 3.0319, 11; N1-Ta1-N2, 87.2, 3; P1-N1-Ta1, 121.5, 5; N1-Zr1-N2, 88.6, 3; Ta1-N2-Ta2, 82.9, 3; N3-Ta1-N4, 107.0, 4; N5-Ta2-N6, 105.6, 4; P1-N1-Ta1-N2, Ϫ176.3, 6; P2-Ta2-Ta1-Zr1, Ϫ13.25, 11; P2-Ta2-N2-Ta1, Ϫ175.8, 2. case of the chlorohydridozircononcene or directly from the zirconocene dihydride.
Experimental Section General Considerations. Unless otherwise stated, all manipulations were performed under an inert atmosphere of dry, oxygen-free dinitrogen or argon by means of standard Schlenk or glovebox techniques. Anhydrous hexanes and toluene were purchased from Aldrich, sparged with dinitrogen, and passed through activated alumina and Ridox catalyst columns under a positive pressure of nitrogen before use. Anhydrous pentane, benzene, THF, and diethyl ether were purchased from Aldrich, sparged with dinitrogen, and passed through an Innovative Technologies (Newburyport, MA) Pure-Solv 400 Solvent Purification System. Nitrogen gas was dried and deoxygenated by passage through a column containing activated molecular sieves and MnO. Deuterated benzene was dried by heating at reflux with sodium͞potassium alloy in a sealed vessel under partial pressure, then trap-to-trap distilled, and freezepump-thaw degassed three times. Unless otherwise stated, 1 To an intimate mixture of Schwartz's reagent (70.4 mg, 0.265 mmol) and 1 (334 mg, 0.265 mmol, 1 equiv) in a 50-ml Erlenmeyer flask equipped with as stir bar was added 10 ml of toluene and 10 ml of THF in a glove box. The mixture was capped and stirred for 1 week at 15°C, after which the red-brown color of 1 was converted to a dark purple. The crude purple solid 2 was recovered on a frit after evaporation of solvents and trituration with hexanes. X-ray quality crystals were obtained from a cooled solution of THF (137 mg, 92.7 mmol, 35% yield). These were also used for NMR spectroscopy and elemental analysis. 1 Synthesis of 2 Using Cp2ZrCl2. To an intimate mixture of Cp 2 ZrCl 2 (24 mg, 0.081 mmol) and 1 (102 mg, 0.081 mmol) in a J-Young tube was added 2 ml of C 6 D 6 in a glove box. A sealed capillary tube containing a P(OMe) 3 standard solution was added, and the mixture was sealed and rotated on a mechanical stirrer for 1 week at room temperature. The 1 H and 31 P NMR confirmed the formation of 2 (20% yield by 31 P NMR after 2 weeks) in addition to H 2 formation (4.47 in C 6 D 6 ). Me3SiC'CSiMe3) . To a stirred solution of 1 (350 mg, 0.28 mmol) in 20 ml of toluene was added Cp 2 Zr(py)(Me 3 SiC'CSiMe 3 ) (135 mg, 0.28 mmol) dissolved in 5 ml of toluene. The dark brown solution immediately darkened, and the solution was stirred for 8 h. The solvent was removed under vacuum, leaving a purple residue, which was triturated with pentanes until a purple solid was retained. The resulting precipitate was recovered on a glass frit (370 mg, 0.25 mmol, 90% yield).
Synthesis of 2 Using Cp2Zr(py)(

